Bulletin of Electrical Engineering and Informatics 
Vol. 12, No. 6, December 2023, pp. 3499~3508 
ISSN: 2302-9285, DOI: 10.1159 1/eei.v1216.6121 O 3499 


Two-way differential strategy for wireless sensor networks 


Samer Alabed!, Amer Alsaraira!, Nour Mostafa”, Mohammad Al-Rabayah?, Ahmed Shdefat?, 
Chamseddine Zaki*, Omar A. Saraereh*, Zakwan Al-Arnaout? 
'Department of Biomedical Engineering, School of Applied Medical Sciences, German Jordanian University, Amman, Jordan 
College of Engineering and Technology, American University of the Middle East, Egaila, Kuwait 
Department of Electrical Engineering, Faculty of Engineering, Hashemite University, Zarqa, Jordan 


Article Info ABSTRACT 

Article history: In this paper, a novel optimal two-way amplify and forward (AF) differential 
i beamforming method for wireless sensor network is proposed. The proposed 

Received Mar 1, 2023 method is an advanced signal processing technique used to enhance the 

Revised Apr 14, 2023 performance and reliability of the communication link by exploiting the 

Accepted Jun 5, 2023 diversity provided by multiple antennas. Unlike current state-of-the-art 


methods which require the knowledge of channel state information (CST) at 
both transmitting and receiving antennas or at least at the receiving antennas, 
Keywords: the suggested method does not need CSI at any transmitting or receiving 
antenna. Moreover, the proposed method enjoys high error performance with 
high diversity and coding gain and has a very low encoding and decoding 
complexity. Through our simulations, the proposed method is proved to 


Beamforming technique 
Diversity techniques 


Non-coherent techniques outperform the best known non-coherent multi-antenna methods. 
Space-time coding 
Wireless sensor networks This is an open access article under the CC BY-SA license. 


Corresponding Author: 


Samer J. Alabed 

Department of Biomedical Engineering, School of Applied Medical Sciences 
German Jordanian University 

Amman, 11180 Jordan 

Email: samer.alabed @ gju.edu.jo 


1. INTRODUCTION 

In future communication networks, increasing data rate while maintaining an acceptable error rate is 
one of the main goals to be achieved. Other factors are also considered while optimizing the system 
performance such as delay, encoding and decoding complexity, and network coverage. On the other hand, the 
system performance of these networks can be impacted by different factors such as multipath fading and 
interference. These factors limit the throughput and reduce the error performance [1]-[10]. Several spatial 
diversity methods have been suggested to eliminate the aforementioned impairments, e.g., relay selection 
methods [5], [7], beamforming methods [11], [12], and space-time coding (STC) methods [10], [13]-[20]. 
Recently, distributed spatial diversity methods for cooperative communication networks have been suggested 
to increase the overall throughput and network coverage, and to reduce the effects of these channel 
impairments [21]-[25]. Those methods can remarkably improve the performance of wireless relaying 
systems by increasing the data rate and reducing the bit-error rate (BER). Also, receiving different versions 
of the transmitted signal via various relays with different amplitudes and phases increases the system 
diversity. In particular, applying efficient techniques to combine the various received signals could lead to a 
remarkable improvement in system performance. 

The relay node, as an intermediate point that: i) obtains the signal through the source-node link, 
ii) processes the signal, and iii) transmits the signal to the receiver-node. Many processing protocols could be 
applied at the relay such as amplify and forward (AF) protocol, combine and forward (CF) protocol, and 
decode and forward (DF) protocol. These techniques enhance the obtained signal to noise ratio (SNR), 
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throughput, and the performance in terms of BER, however different level of complexity is associated with 
each technique. Therefore, complexity-performance tradeoff is a major concern in such systems that requires 
to be optimized along with the number of deployed relays. Intuitively, increasing the number of relays 
distributed between the source and the destination improve the overall system performance in terms of BER 
and throughput [26]-[32]. Several spatial-diversity methods have been recently suggested considering that 
the channel state information (CSI) is available at every node in the whole system [5], [7]. In these methods, 
a slow fading channel model is considered. However, other methods assume that CSI is only available at the 
destination [8], [17]-[19]. Unlike the previous methods, both blind and differential diversity methods 
[10], [11], [13]-{15], [22]-[25] provide an increase in the diversity gain without the need to have the CSI at 
any transmitting or receiving nodes. Unfortunately, the latter methods suffer from several issues such as low 
error performance, large delay, and low throughput when compared to other methods. 

Recently, two-directional communication techniques have been suggested as a way to enhance the 
overall error performance and achievable data rate [6], [10], [14]. Two-directional techniques are categorized 
according to the number of phases required for the terminals to exchange their data into two-phase [10], 
three-phase [6], and four-phase [11] protocols. Note that the number of phases required to exchange the 
information highly affect the overall performance and the achievable data rate. Moreover, the relay nodes 
distributed randomly between the terminals are utilized to process and forward the data using a certain coding 
scheme. The relay nodes can process and encode the received signals using orthogonal, e.g., STC, or 
non-orthogonal coding techniques. STC is considered as an efficient way to send the information symbols 
during several phases and using several relay nodes to achieve high performance in terms of BER and high 
data rate with low encoding and decoding complexity [10], [14]. Non-orthogonal schemes have high 
diversity and coding gain. However, these schemes suffer from very high decoding complexity which 
increases exponentially with the number of relay nodes or constellation size in some cases, especially due to 
channel estimation. Recently, several distributed special diversity schemes have been suggested to offer full 
diversity and high coding gain without needing CSI at any node in the whole network to reduce the overall 
encoding and decoding complexity and overhead due to channel estimation [10], [11], [13]-[15], [22]-[25]. 
More recent techniques and types related to wireless relay and sensor networks have been studied [33]-[37]. 

In this paper, a novel technique for wireless relay networks is proposed and verified via 
mathematical analysis and numerical simulations. Unlike current state-of-the-art research where it is assumed 
that CSI is available at both transmitter-and-receiver or only at the receiver, the proposed technique does not 
require any CSI neither at transmitter nor at the receiver. The proposed technique for wireless relay network 
has shown a remarkable improvement in the system’s performance compared to existing systems in terms of 
BER. This paper is organized as follows: in section 2 the system model is discussed and detailed 
mathematical analysis is provided. In section 3, numerical analysis and results are provided showing the 
performance improvements. In section 4, conclusion and future directions are investigated. 


2. METHOD 

In this work, a novel optimal bi-directional AF multi-antenna method for wireless sensor network is 
proposed. Unlike current state-of-the-art methods which require the channel knowledge at both transmitting 
and receiving antennas or at least at the receiving antennas, the proposed method does not require channel 
knowledge at any antenna. Moreover, the proposed method enjoys high error performance with high diversity 
and coding gain, and has a very low encoding and decoding complexity. 


2.1. System model 

The communication system model is shown in Figure 1. It consists of two transmitting nodes 
Tı and T, that are communicating in a half-duplex mode in the presence of R intermediate relays denoted as 
R,,Rz,..., Rp. It is assumed that there is no direct link between the two transmitting nodes. Moreover, each 
intermediate relay R; has a single antenna that is utilized for both transmission and reception. The relays can 
only communicate through the transmitting nodes, and they do not share the received data symbols internally. 
Let x and x0 be the transmitted symbols by terminal-1 (t1) and terminal-2 (T3) respectively, where i 
represents the transmission time slot index. The channel coefficients between tT, and the R relays are given 
by the vector f E€ CPX! where f = (fi, fo,...., fg) and f; represents the channel coefficient between 
Tı and i” relay Ri. Similarly, the channel coefficients between T, and the R relays are given by the vector 
g E CR* where g = (91, 92, -----, gR) and g; represents the channel coefficient between T, and i” relay R;. 
Let yÈ and yÈ be the vectors received by an intermediate relay from the first and the second transmitters 
respectively which are given as (1) and (2): 
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Ie, = 4[ Pal A 
ye. = JP, 9x2 +n (2) 


where P,, and P,, are the transmitted power of terminal-1 (t,) and terminal-2 (t3), respectively 5 the relay 


noise vectors n”, De have a circularly symmetric DE distribution with variance o°. Let yí 5 ) represents 


the received signal at terminal-1 from all relays and yË represents the received signal at terminal-2 from all 
relays, then: 


yer = Paf xp. nt, (3) 
yÊ = = Pag x. 9 + nÊ (4) 


z 


where Pp defines the relays transmitting power, ae) and xg. define symbol vectors retransmitted by relays to 


Si and a? 


terminal-1 and terminal-2 correspondingly, and the ay noise n; have a circularly symmetric 
Gaussian distribution with variance o°. The channel vectors f and a follow the same Gaussian distribution 


with unity variance. 


Figure 1. System model 


2.1.1. Distributed differential space time coding 

In this system, it is assumed that there is no CSI at either nodes or relays and the differential 
technique for two-way communication [9]-[15] is considered for signal transmission. The transmission 
scheme is arranged in terms of blocks in time domain and during this interval, each node transmits T=R 


@ 


symbols. In particular, let us define sņ; and s® as the symbol vectors to be transmitted in i” block as (5): 


sO = =[s®, s® ig = [s @ 5M (5) 


Tı T11 . S&T Sr,,1 didi St, T 
Also define the differentially encoded vectors xe and x® as (6): 
x = — diag(x&7 se xl oS = diag(x {7 D) ®© (6) 


where diag(*) is a function that takes T elements and generates a T by T diagonal matrix. The symbol 
vectors received during i” block by r” array are then defined as (7): 


@ xË + n® © _ @ @ 
Vryr 7 JP, tIr% NR, r VRo,r = Pe OrX. T2 + Nor 0) 


Consider the operator pÈ ) that is used to perform a transformation for the vectors Te and yÈ, as (8): 


Yer = Prr Yror O Yaar (8) 


where © stands for kronecker product and pÈ is a power scaling matrix of diagonal form that is defined 
as (9): 
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; -1 
pË = diag( |y, © yË) (9) 


Le. p ensures equal power elements in yÈ . Consider the following relation in terms of the input signal 
0 


where xp x? ao) se Recalling the above procedite; then the received signal could be written as (10): 
ay SOR ( VBP forte + ng, (10) 
where ie is a corresponding noise term. Now, let us use space-time block code methodology in 


reformulating the problem from relays transmission perspective for the vectors yp ;. © . Therefore, we define a 
space time code structure by a set of permutation matrices A,,...,A; and By,..., Br. Then, restrict possible 
codes to ones, for which permutation matrices possess mutual exclusivity property i.e., either Ai=0 or Bi=0. 


After that, we define code matrix of r® relay xe € C™* corresponding to the vector received at 7” relay 


Vee This code matrix formation can then be represented by applying operator y: 


XË = y(y®) = [Ay +By® = Ay + Bye] (11) 


Let then each relay R transmit r™* column of its correspondent code matrix 5 Signal vector received at 


second node ys? can then be then written as (12): 


Vin = XR Ag AF 8 + ne, 
= (SY? © SY) © Xn” © XE )ap arrest ne (12) 
= (SẸ © St) OXR APAP g 


where, 
x? = x(x®), = = x(s?), s® = x(sÊ), XS x(x; (i- 2); eD = x(x?) (13) 


A® and A being diagonal matrices defined as (14) and (15): 


ma a w 
gakk  lexp- (j4gp), if A; = 0 
D _ l exp(j4f;,), if B; = 0 as 
frk  lexp(—j4f;,), if A; = 0 
Now, decoding of s® can then be performed using (16): 
-1 
s® = = aremip lve @ - (sÈ (©) sÊ (©) me NRE 1) yË 1) | (16) 


Similarly, an estimate for s® i is obtained. 


2.1.2. Simple distributed differential beamforming 
This scheme performs transmission in four time slots [11], [24]. We start by defining symbols 


9 


transmitted by first and second relays x;.° and ee as differentially encoded as (17): 


xO = xy D.O yO = EDO 
Ta = Xi Sq, >* > T2 Xr, St, (17) 


Now, define the signals received by the 7” i from Be first terminal in i” and (i-1)” blocks as yÈ, Vee, er 


and similarly from the second node as yË, and oe respectively. In this analysis, M-phase shift keying 
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(M-PSK) is considered for transmission. Then, the definition of the signals transmitted by the r-th relay 
ie and x® as (18) and (19): 


R2,r 
Xpir = VPrexp( -já yi, -jAy + JAY gor) (18) 
Hoe =y PRexp (-j4yQ?,. a Jena + jáy,) (19) 


The same precoding procedure is performed at all relays. Hence, the estimated symbols at terminal nodes can 
be calculated using as (20) and (21): 


8 = argmin |exp(jay,?) — exp (i(ayq? - a8 — a8? + 489))| (20) 
T2 
8 = argmin |exp(jay,) — exp (i(ayg ? + 4s + 480°? + 489))| (21) 


T1 


2.1.3. General rank beamformer (GRB) 
Suppose now for vectors f and g known covariance matrices are Rg and Rgg. Define filter matrices 
®,, and ®,, to maximize the SNR at the receivers [12]. Introduce supplementary vectors wa and Wy: 


= | Pr = 
Wa = (14+Amax)VERan SAUS (22) 


where v is a normalized eigenvector of Raa Rsf for maximum eigenvalue Amax and u is principal eigenvector 
Of Reg. Matrices ®,, and ®,, are then defined as (23): 


P, = wawi, ®,, = wiwa (23) 


2.1.4. The proposed differential beamforming scheme using maximum ratio combining 

Now, suppose that relays are able to exchange received data symbols. This can be thought as a 
substitution of single antenna relay array of size R by a single relay with R antennas. Assume using AF 
approach, i.e., relay does not decode received symbols. Relay performs array processing of multiplying by 
matrices ®,, and ®,,. Then received signals at first and second nodes are defined as (24): 


yO =o, y8 +0©, yO =o, yO + nO (24) 
Using maximum ratio combining (MRC) approach ®,, and ®,, are to be defined as (25): 


Ye.) = a Me Ven = Prey + Ney (25) 


Decoding at receivers then can be performed using (25). 


3. RESULTS AND DISCUSSION 

In this section, we introduce the simulation results of the system model discussed in section 2. 
Figures 2 and 3 show the BER versus the SNR of a cooperative communication system composed of two 
terminals t, and T, and two relay nodes (R=2). In our simulations, Rayleigh flat-fading channels are 
considered, and the transmission was simulated for 10° channel realizations. For each channel realization 
48 time slots were simulated. In the transmission from T, to Tz, the total transmitted power is divided equally 
among the source terminal P,, and the relay node F, such that P,, = P. where the total relay power Pe is also 
equally divided among all its transmitting antennas. For Figure 2, 16-PSK modulation was used for four 
phase schemes such as simple distributed differential beamforming scheme, differential MRC scheme, and 
GRB scheme. For the three phase schemes such as differential space time coding scheme 8-PSK modulation 
was used to equalize spectral efficiency. For the two-phase schemes such as differential space time coding 
scheme [10], 4-PSK modulation was used to equalize spectral efficiency. The AF protocol is performed using 
one bit per channel use (bpcu). 
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By inspecting Figure 2, the BER performance ranking of the schemes explained in section 2 from 
the worst to the best will be, differential space time coding scheme explained in subsubsection 2.1.1 has the 
worst performance, then GRB scheme explained in subsubsection 2.1.3, followed by simple distributed 
differential beamforming scheme explained in subsubsection 2.1.2 and finally the proposed differential MRC 
scheme explained in subsubsection 2.1.4, where MRC scheme has a superior performance. This is due to the 
fact that MRC scheme allows received symbol exchange between individual relays. GRB scheme has the best 
performance in low SNR region, due to the knowledge of correlation properties of channels and received 
symbol exchange between relays. At high SNR region, differential MRC scheme however, has a better 
performance, due to instantaneous channel information usage. 


GRB in Sec. 2.3 
Distributed DB in Sec. 2.2 
Proposed DB in Sec. 2.4 
DD-STC in Sec. 2.1 


Figure 2. Performance comparison for relay transmission schemes using the AF protocol with 1 bpcu and R=2 


In Figure 3 the suggested scheme explained in subsubsection 2.1.4 is compared to the 
state-of-the-art coherent and non-coherent schemes suggested in [10]-[14] using the AF protocol and two 
bpcu. Figure 3 clearly shows that the performance of the suggested scheme outperforms the best known 
two-there and four-phase distributed space time coding schemes suggested in [10], [13], [14], as well as the 
distributed beamforming schemes suggested in [11], [12]. Note that the diversity gain is related to the slope 
of the BER curve at high SNR values while the coding gain is related to the shift of the BER curve to the left, 
e.g., by doubling the power, the BER curve will be shifted 3 dB to the left without any change to the slope of 
the BER curve which means that the added coding gain is 3 dB in this case. From Figure 3, we can observe 
that the proposed method is steeper and shifted horizontally more to the left than the other methods. This is 
why the proposed method has high diversity and coding gain. 


BER 
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Figure 3. Performance comparison for relay transmission schemes using the AF protocol with 2 bpcu and R=2 


Bulletin of Electr Eng & Inf, Vol. 12, No. 6, December 2023: 3499-3508 


Bulletin of Electr Eng & Inf ISSN: 2302-9285 O 3505 


In Figure 4 the proposed method suggested in subsubsection 2.1.4 is compared with the 
state-of-the-art coherent and non-coherent methods suggested in [10], [12]-[14], [33], [36] using the AF 
protocol and one bpcu. Figure 4 clearly shows that the performance of the proposed method outperforms the 
best known two-there and four-phase distributed space time coding schemes proposed in 
[10], [13], [14], [33], as well as the distributed beamforming method proposed in [12]. It is clearly observed 
that the BER difference between the optimal beamforming method proposed in [36], which require all CSI at 
all transmitting and receiving antennas, and the proposed method, which does not require CSI at any 
transmitting or receiving antenna, is just 3 dB. Note that the optimal difference between coherent and 
non-coherent method is 3 dB. 


w 10? 
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Figure 4. Performance comparison for relay transmission schemes using the AF protocol with 1 bpcu and 
R=2 


4. CONCLUSION 

This paper proposes a new cooperative communication system technique that operates in a 
bi-directional manner. The technique is validated through mathematical analysis and numerical simulations. 
Unlike existing methods, which require the availability of CSI at either the transmitter, receiver, or both, the 
proposed method eliminates the need for CSI at any transmitting or receiving antenna. The results 
demonstrate that the suggested cooperative communication system technique significantly enhances system 
performance, particularly in terms of BER, outperforming the current state-of-the-art methods. 
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